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Abstract

:

Anthraquinone-2,7-disulfonic acid (2,7-AQDS) is a promising organic compound, which is considered as a negolyte for redox flow batteries as well as for other applications. In this work we carried out a well-known reaction of anthraquinone sulfonation to synthesize 2,7-AQDS in mixture with other sulfo-derivatives, namely 2,6-AQDS and 2-AQS. Redox behavior of this mixture was evaluated with cyclic voltammetry and was almost identical to 2,7-AQDS. Mixture was then assessed as a potential negolyte of anthraquinone-bromine redox flow battery. After adjusting membrane-electrode assembly composition (membrane material and flow field)), the cell demonstrated peak power density of 335 mW cm−2 (at SOC 90%) and capacity utilization, capacity retention and energy efficiency of 87.9, 99.6 and 64.2%, respectively. These values are almost identical or even higher than similar values for flow battery with 2,7-AQDS as a negolyte, while the price of mixture is significantly lower. Therefore, this work unveils the promising possibility of using a mixture of crude sulfonated anthraquinone derivatives mixture as an inexpensive negolyte of RFB.
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1. Introduction


Redox flow batteries (RFB) are a promising type of secondary chemical power sources where the electricity is stored in form of chemical energy of two electrolytes [1]. One of them is a negolyte circulating in negative half-cell and entering into redox reactions at anode and another is a posolyte circulating in the positive half-cell and reacting at the cathode. RFB is considered as a promising high-capacity energy storage technology operating in the electrical grid in order to smooth out the imbalance between a variable power supply and demand [1,2,3]. Such devices are becoming especially relevant in the context of rejecting harmful carbon energy sources in favor of alternative energy characterized by an irregular electricity generation.



There are many types of RFBs using different electrolytes [4]. In terms of technology maturity and effective implementation in energy networks, all-vanadium RFB (VRFB) occupies a special place. VRFBs utilize electrolytes based on vanadium salts in aqueous solutions of sulfuric, hydrochloric and other acids [5,6,7,8]. They have several advantages over other RFB types, but at this technological level their wide distribution is hindered by a high cost of energy storage [9]. Despite the high prices of membranes, their contribution to the capital cost of VRFB is lower than electrolytes by up to 37% versus 50%, respectively [10]. This is due to a very volatile and high price of vanadium determined by different resource constraints [11]. For this and other reasons, various alternative electrolytes are being considered for use in redox flow batteries.



One of the options is various organic compounds, which can be obtained from abundant raw precursors. They provide great opportunities for controlling properties via chemical structure modification and can theoretically offer high energy densities [4]. Due to rapid charge transfer kinetics, high solubility and suitable redox potentials anthraquinone derivatives attract particular attention. Among them 2,7-AQDS is distinguished due to high chemical stability during redox reactions and other advantages [12,13,14]. In 2014, anthraquinone-bromine RFB (ABRFB) was presented, which used an aqueous sulfuric acid solution of 2,7-AQDS as a negolyte and molecular bromine aqueous solution as a posolyte [15]. This battery demonstrated specific power of 0.6 W cm−2 and relatively high discharge capacity retention of 99.2% at a current density of 200 mA cm−2, which opened up good opportunities for its practical application in the future.



In subsequent works, the ABRFB concept was intensively developed. Specific power was increased to 1 W cm−2 [16] and conditions for cyclic charge-discharge tests were optimized in such a way that energy efficiency (EE) of 88% and discharge capacity retention of 99% [17] were achieved. The prospects of using this concept with differential pH were demonstrated in [18]. In addition, AQDS/H2AQDS is actively combined with other redox pairs besides Br−/Br2 [19,20,21,22], as well as other various anthraquinone derivatives which are considered as negolytes in RFB [23,24,25,26,27,28,29,30,31,32,33,34]. Moreover, 2,7-AQDS application is not limited to RFBs, but also used in other devices; for example, fuel cells [35], microbial fuel cells [36] and hybrid energy storage devices [37,38,39].



An estimated capital cost of ABRFB is equal to 117 $/kWh, which is significantly lower than for VRFB (173 $/kWh) and just slightly more than for iron-chromium RFB (101 $/kWh) [40], known as one of the cheapest RFBs [41]. However, as far as we know, none of the commercial ABRFBs have been installed. This is primarily explained by the high cost of pure 2,7-AQDS contributing up to 60% of ABRFB total cost [40]. Also, the price of 2,7-AQDS rises dramatically if total production falls below 1000 tons per year [42].



One promising opportunity to reduce this cost is to use a mixture of 2,7-AQDS with other electroactive anthraquinone derivatives (anthraquinone-2,6-disulfonic acid 2,6-AQDS and monosulfonated derivative 2-AQS) [43,44], instead of pure 2,7-AQDS, which is originally separated from this mixture by additional procedures [45]. This synthesis uses commodity chemicals such as anthraquinone and oleum and resulting price of organic electroactive materials obtained this way is estimated at $1 to $4 per kg [42] which is no more than $40 per kilowatt-hour, i.e., сomparable or less than for VRFBs or even Li-ion batteries [45].



However, to date the possibility of using crude anthraquinone sulfo-derivatives mixture (ASM) as a negolyte in RFB has not been systematically assessed [46]. The redox behavior of such a system was only briefly characterized using the cyclic voltammetry (CV) method [15]. Apart from widespread 2,7-AQDS, other ASM components (2,6-AQDS and 2-AQS) were tested separately as negolytes of RFB [22,23]. The only exception is recent research by Mazur et al. focused mainly on chemical stability of ASM components during redox reactions [47] and confirming the fundamental possibility of using ASM as RFB negolyte. However, key parameters determining capabilities to use the ASM in RFB, namely discharge power, current density, energy efficiency, were not evaluated.



Our work is intended to eliminate this gap. We synthesized ASM using aforementioned synthetic approach and described ASM composition with use of NMR spectroscopy and other auxiliary methods. Further, we systematically studied ASM redox behavior using CV and performed a series of experiments, where ASM was used as a negolyte of ABRFB. During these measurements the discharge cell design and operating conditions were adjusted to achieve maximum discharge power. Also, we provide systematic analysis of the ABRFB performance (power density, energy efficiency, capacity utilization and capacity retention) using AS mixture and 2,7-AQDS as a negolyte, discuss the prospects of practical use of the AS mixture as a negolyte of ABRFB and outline ways to optimize the composition of the AS mixture by changing synthesis conditions.




2. Materials and Methods


2.1. Electrolyte Preparation


To prepare 2,7-AQDS in acidic form, anthraquinone-2,7-disulfonic acid disodium salt (>97.0%, TCI, Tokyo, Japan) in aqueous solution was passed through a pretreated ion exchange column with KU-2-8 cation exchanger (“AZOT”, Sievierodonetsk, Ukraine). After reaching neutral pH at the outlet, the resulting solution was evaporated on a rotary evaporator to desired concentration. Sulfuric acid (95–95%, Sigma Tek, Khimki, Russia) was used as a supporting electrolyte. In case of 2,6-AQDS (disodium salt, >98.0%, Sigma-Aldrich, St. Louis, Missouri, USA) and 2-AQS (monosodium salt, >98%, «Sigma-Aldrich», USA) the same procedure was used.



Synthesis of ASM containing various anthraquinone sulfonated derivatives was performed according to the method of anthraquinone sulfonation [43,44,48]. Oleum (20–24%, TK ANT, Saint-Petesburg, Russia) was poured into a round-bottomed flask placed in HJ-6A mantle heater (Alkhitech, Moscow, Russia), heating and stirring were switched on, and then a weighed portion of anthraquinone (98%, Acros Organics, Geel, Belgium) was added when the temperature of reaction mixture reached 70 °С. The ratio by weight of oleum: anthraquinone was in the range between 1:3 and 1:4. Then, the mixture was heated to 160–170 °C and maintained at this temperature for 2 h. After that, the synthesis products were slowly cooled with a large amount of distilled water (triple distilled water, UD-3015, ULAB, Saint-Petersburg, Russia). As a result, a solution of mono- and disulfo-substituted anthraquinones in weakly concentrated sulfuric acid with density of 1.129 g mL−1 was obtained. After a while, a slight precipitation was observed in the resulting reaction mixture. For all experiments, a supernatant was used as an electrolyte.




2.2. Electrochemical Measurements


Cyclic voltammetry (CV) measurements were performed in a three-electrode cell under inert atmosphere (argon > 99.998%, BK Group, Moscow, Russia). The background electrolyte was 1 M sulfuric acid. The working electrode was 3 mm glassy carbon electrode. Before experiments, the electrode surface was polished on abrasive paper with a different grain size to avoid the electrode’s sphericity. Ag/AgСl (saturated KCl solution, 0.197 V vs SHE) was used as a reference electrode; platinum foil was used as a counter electrode. The measurements were carried out on Autolab 302N potentiostat (Metrohm, Herisau, Switzerland).




2.3. Battery Assembly


MEA with a 4 cm2 electrode surface area was made according to [49]. Nafion 211 and 117 (Chemours, Wilmington, Delaware, USA) and GP-IEM-103 (Liaoning Grepalofu New Energy Co., Taiping Town, China) were used as proton exchange membranes. Three sheets of carbon paper electrodes (SGL39AA, SGL Carbon, Wiesbaden, Germany) were used as electrodes in both half-cells. The combination of pressed graphite foil sheets (thickness 600 µm, Unihimtek, Podolsk, Russia) formed a 3D structure of serpentine and flow-through flow field types. Viton™ fluoroelastomer was used as material of sealing gaskets. Both electrolytes were kept in an argon atmosphere (>99.998%, BK Group, Russia).



The internal resistance of cells as measured by electrochemical impedance spectroscopy (EIS) and corresponded to a real part of impedance at zero imaginary component at high frequencies. Measurements were performed using Autolab 302N potentiostat, which set a 10 mV sinusoidal perturbation superimposed onto OCV, and frequency ranged from 1 Hz to 50 kHZ.



Modification of the described cell was used during experiments with Lugging capillary. In a modified cell flow field gaskets were made from TeflonTM sheets and carbon felt Sigracell GFD 4.6 (SGL Carbon, Wiesbaden, German) was used as electrodes. Membrane capillaries made of Nafion 117 stripes placed between electrode gaskets and membrane acted as reference electrodes which provide an ability to separate anodic and cathodic polarizations [50,51].




2.4. Flow Cell Experiments


Unless otherwise mentioned, the following conditions were used: 25 mL of negolyte (2,7-AQDS or AS mixture), 50 mL of posolyte (0.5 M Br2/3.5 M HBr, the discharge capacity of posolyte is intentionally excessive in order to prevent the appearance of corrosive molecular bromine even at fully charged state of the battery [52]), serpentine flow field, Nafion 211 membrane, electrolyte flow rate 100 mL min−1.



The measurements were carried out on a potentiostat-galvanostat P150-X (Elins, Chernogolovka, Russia). The polarization curves were measured by method of chronopotentiometry with charge compensation in a potentiostatic mode for SOC 100% and galvanostatic mode for SOC 90%. The polarization curves at SOC 75% and 50% were measured by applying alternating values of charge/discharge current density with fixed time intervals. The open-circuit voltage (OCV) of the cell was measured simultaneously with charging to SOC 100%. For this measurement, we used an additional potentiometric cell of our in-house design which was introduced into electrolyte lines and operated as an inline voltmeter. Cyclic tests were conducted at current density 100 mA cm−2 and 200 mA cm−2 in a voltage range from 0 to −1.3 V for 10 charge/discharge cycles. The obtained dependences were used to calculate coulombic, voltaic and energy efficiency (CE, VE and EE) as well as capacity utilization and retention in accordance with generally accepted formulas [53].




2.5. NMR Spectroscopy and Other Characterization Techniques


ASM were dried on a rotary evaporator. The resulting brown-orange products were dissolved in D2O and 1H NMR and 13C NMR spectra were recorded on a Bruker Avance 500 spectrometer (Bruker, Zurich, Switzerland).



Redox titration was carried out by gradually adding NaOH using phenolphthalein as indicator. Coulometric measurements were carried out in AQDS-H2 cell with the design similar to ABRFB discharge cell. A glassy carbon plate with shading was used as a positive electrode, a Freudenberg H23C8 carbon paper with a deposited Pt/C catalyst (with platinum loading 1 mg cm−2) as a negative electrode, and Nafion 211 as a proton exchange membrane. AQDS electrolysis reduction was carried out with a potential difference of 0.5 V until current reached stationary value attributed to the crossover rate.



Optical and near-UV spectra were recorded on a UV/VIS/NIR Spectrometer Lambda 750 (Perkin Elmer, Waltham, MA USA). The optical path length was 10 mm. The measurements were carried out in the wavelength range from 190 to 900 nm. The test solutions were diluted with distilled water; reference spectra—distilled water.



Long-term stability of ASM was evaluated by symmetric cell cycling [54]. ASM diluted to 0.02 M by 2.2 M H2SO4 was used as both negolyte and posolyte, that were pumped through the discharge cell described above. An initial SOC of both electrolytes was adjusted to 50% by a potentiostatic electrolysis via H2/H+ redox-pair. Charge–discharge test was carried out in a potentiostatic regime by repetitive allying of voltage of +0.2 V and 0.2 V. Polarization was changed after the current was reduced to 2 mA. The volume exceeded that of the other by 4 times (20 mL vs 80 mL).





3. Results and Discussions


3.1. Composition of ASM


The sulfonation of anthraquinone with oleum allows us to obtain the mixture of various sulfonated derivatives of anthraquinone (2,7-AQDS, 2,6-AQDS and AQS; see Scheme 1) and unreacted anthraquinone dissolved in weakly concentrated sulfuric acid [43,44,47,55]. The exact composition can be accomplished by controlling the conditions of synthesis: temperature, concentration of the starting reagents, time, and the presence of various additives. The composition of ASM used in our experiments was determined via three different methods: nuclear magnetic resonance spectroscopy, redox titration and coulometry.



The 1H NMR spectrum of anthraquinone sulfonation products (Figure 1A) shows a number of signals indicating the formation of a mixture containing 2,7-AQDS, 2,6-AQDS and 2-AQS. The almost identical ratio of the integrated intensities of protons (HE + HB)/(HC + HF)/(HA+HD) is consistent with the molecular formulas of 2,7-AQDS and 2,6-AQDS. As far as the ratio of HE/HB is equal to 0.533/0.489, the molar ratio of 2,6-AQDS to 2,7-AQDS is 1.13.



The content of AQS in ASM is significantly lower. A multiplet with a chemical shift of 7.92 ppm could be ascribed to HM and HL protons of AQS. Apparently, the signals of protons HG and partially HI and HH are overlapped by 2,6-AQDS and 2,7-AQDS signals. Thus, a reliable estimation of AQS content could only be made using the integrated intensities of HM and HL, which is equal to 0.12 and 0.06 per AQS proton, respectively. Therefore, the molar fractions of 2,7-AQDS, 2,6-AQDS and 2-AQS are 50.2%, 44.4% and 5.4%, respectively. The 1H NMR spectroscopy data are consistent with the assignment of bands in the 13С NMR spectrum and literature data [23,56]. Since the discrepancies between the chemical shifts of 2,7-AQDS and 2,6-AQDS are negligible, a series of intensive paired singlets can be observed (Figure 2B).



The AQS content among the sulfonation products is insufficient to observe signals from all carbon nuclei. However, the signals of two groups of AQS carbon atoms with similar chemical shifts are distinguishable (Figure 1B). Thus, it can be concluded that after the formation of AQS, repeated sulfonation occurs leading to almost equal amount of 2,6-AQDS and 2,7-AQDS isomers with a slight predominance of the latter. This is consistent with a slightly lower electron density at position 6 compared to position 7 for AQS due to the manifestation of a mesomeric effect of the already existing sulfo group.



Additional measurements were carried out to numerically estimate the content of various components in the mixture. Acid-base titration gave an estimate for the total concentration of the monosulfonated AQS and the doubled concentration of the disulfonic acid derivatives 2,6- and 2,7-AQDS as well as the sulfuric acid itself. At the same time, coulometric titration allows to estimate the total concentration of all sulfonated anthraquinone derivatives without the contribution of the sulfuric acid. On the basis of the experiments performed, the following composition of ASM was obtained: 0.19 M 2,7-AQDS, 0.16 M 2,6-AQDS, and 0.02 M AQS against the background 2.18 M H2SO4.



It should be noted that for interpreting coulometry data we assumed that during the AQDS/AQS reduction two electrons are consumed for each molecule. There is evidence that, due to the formation of intermolecular complexes, each AQDS/AQS molecule can obtain a maximum of 1.5-e during the reduction process [56,57]. However, in our experiments the typical two-electron transfer was observed to be in agreement with other reported data [17,58].



Also, the obtained ASM composition is confirmed by optical and near-UV absorption spectra (see Figure 2). The characteristic AQDS absorption peaks lie at 210, 260, 275 and 330 nm [59,60]. Using the absorption spectra for 2,7-AQDS solutions at various dilutions (Figure 2B), the molar extinction coefficient at wavelength 260 nm was calculated to be ε = 51,150 M cm−1. This value is in good agreement with other reported data where it ranges from 39,000 M cm−1 [59] to 55,700 M cm−1 [60].



It is known that the optical absorption spectra of 2,7-AQDS and AQS do not differ dramatically from each other [59]. Similarly, the absorption spectra of 2,6-and 2,7-AQDS isomers should also be similar since all discrepancies between these derivatives comes down to the position of sulfo groups. Therefore, molar absorbance spectra of ASM and 2,7-AQDS should be quite similar, both quantitatively and qualitatively. We estimated the molar extinction coefficients of ASM based on overall concentration given above (0.37 M) and obtained a sufficiently good agreement between ASM and 2,7-AQDS spectra (Figure 2A).




3.2. Electrochemical Behavior


In order to evaluate the prospects of using ASM as an RFB negolyte, redox behavior was investigated using the CV method and compared with redox behavior of individual isomers. Figure 3A shows CV at 50 mVs−1. CVs of 2,7-AQDS and 2,6-AQDS are almost identical and represent pair of well-resolved redox peaks with half-wave potential E1/2~0.02 V vs. Ag/AgCl reference electrode (or E1/2 = 0.217 V vs. SHE). The peak-to-peak separation for 2,7-AQDS and 2,6-AQDS is around 30 mV, which is in good agreement with the two-electron reduction behavior of the AQDS molecule. The peak position of monosulfonated derivative shifts to the cathodic region by 45–50 mV (see Table S1 in Supplementary Materials), corresponding to the shift of AQS standard potential caused by the removal of one electron-withdrawing sulfonate groups [23]. Besides this distinction, CV of 2,7-AQDS/2,6-AQDS look similar and the general picture remains almost intact as the scan rate increases from 50 mVs−1 to 500 mVs−1 (Figure 3B,C).



The redox behavior of ASM undergoes much more noticeable changes with increasing scan rate. At 50 mVs−1 CV of ASM only differs from 2,7-AQDS/2,6-AQDS in a slight increase in peak-to-peak separation up to 54 mV, which indicates some minor kinetic complications. With an increase of the scan rate (Figure 3D), the picture changes significantly. The reduction peak acquires a pronounced asymmetry and shifts to the cathodic region, oxidation peak is divided into two peaks; one of them shifts to the anodic region, the other, less intense, shifts to the cathodic region. As a result, CV of ASM at increased scan rate represents a superposition of mono- and disulfonated derivatives. Also, one should note that in the case of ASM, an increase of scan rate leads to a significant increase in peak-to-peak separation and a decrease in cathodic/anodic peak current ratio, which emphasized the aforementioned kinetic complications (see Table S1).



According to CV data, the redox behavior of ASM is determined by the behavior of isomers contained. It is also characterized by some kinetic limitations, which presumably might be ascribed to the presence of different intermolecular complexes [56,57]. Regardless, ASM could still be used as a negolyte of RFB, and the question of whether it affects the RFB performance will be discussed further.




3.3. Cell Optimization


It is known that the design of battery cell can significantly affect the characteristics of RFB [61]. One of the key elements is semipermeable membrane which, on the one hand, should prevent mixing of negolyte and posolyte and, on the other hand, should ensure the transport of balancing counterions from one half-cell to another (in the case of ABRFB—H+ protons). Selection of a membrane may greatly affect the overall performance of RFB [62]. To explore this possibility the flow cell with cation-exchange membranes Nafion 211 and GP-IEM-103 were used.



Nafion 211 is one of the well-known commercial perfluorosulfonic acid membrane, which is widely used in different RFB, fuel cells, etc. As one of the thinnest membranes it was selected to estimate the limits of ABRFBs power density. GP-IEM-103 is an inexpensive perfluorosulfonic proton-exchange membrane with conductivity 0.1 S/cm and density 2 g/cm3, which can be also used in RFB [63]. The key difference between them is thickness, for Nafion 211 it is 25 µm, and for GP-IEM-103—75 µm. Also, these membranes are slightly differed by the swelling ratio in used organic solution (ASM in 2.2 M H2SO4), for Nafion 211 and GP-IEM-103 this value is 1.07 and 1.05, respectively. Moreover, these membranes are comparable in terms of permeability of bromine [64]—which plays a key role in the crossover during ABRFB operation.



The internal resistance of cells with different membranes (estimated with EIS data) was different: 0.40 and 0.25 Ω cm2 or GP-IEM-103 and Nafion 211, respectively. Figure 4A shows polarization curves and power characteristics for ABRFBs with Nafion 211 and GP-IEM-103 membranes. From polarization curves it is seen that behavior of the cell is mainly determined by ohmic losses [65] except for the region of low current densities (up to 0.1 A cm−2) where activation losses dominate. From the slope of polarization curve in the linear section it is possible to estimate the discharge resistance which represents the sum of various contributions including internal and charge-transfer resistances [65]. This value was 0.52 and 0.66 Ω cm2 for cells with Nafion 211 and GP-IEM-103, stating that the main difference between cell discharge resistances is dictated by the internal resistance, which, in turn, governed mainly by the membrane resistance. In addition, the use of a thinner membrane may lead to a decrease of overall RFB cost [62]. Accordingly, the cell with Nafion 211 exhibited a higher discharge power and was used for further experiments.



Another useful way to influence the characteristics of ABRFB is associated with varying type of flow field and flow rate. It is known that optimal configuration of a flow field ensuring uniform electrolyte distribution over electrode surface and good wettability of electrode surface can significantly improve a performance of cell [66,67,68,69]. In this case, the geometry of a flow field should be optimized considering flow rate since a performance of cell strongly depends on this parameter and this dependence varies with a flow field type. In this work, we compared serpentine and flow-through flow field types at flow rates from 50 to 100 mL min−1. Figure 4B,C show corresponding polarization curves that differ from each other only by a slight decrease of discharge resistance with increase of the flow rate. Table 1 shows the power densities values calculated from polarization curve data. For the serpentine flow field, the specific power increases with the flow rate from 185 to 200 mW cm−2, for the flow-through type—from 194 to 214 mW cm−2. It is seen that a higher discharge power is demonstrated for the flow-through type at all flow rates. Therefore, for further experiments we used the flow-through geometry at flow rate 100 mL min−1.



Figure 4D,E show the polarization curves and power characteristics for ABRFB with an optimal cell design at various battery SOCs (100, 90, 75 and 50%). It can be seen that all curves demonstrate similar behavior. The region responsible for activation losses is observed for small current densities and becomes especially noticeable at high SOCs (90 and 100%). The remaining part of the polarization curve is controlled by the ohmic losses and the discharge resistance does not differ significantly for different SOCs. The fundamental difference between polarization curves is that they correspond to different open circuit voltages (OCV) which depend on SOC in full accordance with the Nernst equation. Accordingly, the highest discharge power is observed at SOC 100%—398 mW cm−2 achieved at 1200 mA cm−2.



For comparison, the highest discharge power of ABRFB using pure 2,7-AQDS as negolyte is 1 W cm−2 [16]. In that research 1 M solution of 2,7-AQDS was used while the total concentration of various sulfonated derivatives in our AS mixture is 0.36 M. Therefore, the specific power of our ABRFB can still be significantly increased with the increase of ASM concentration. In addition, in [16], the method of linear potential sweep was used to measure polarization curve and electrolytes were kept at an elevated temperature of 40 °C, which leads to overestimated power values.



To estimate whether it is possible to improve the power density of ABRFB with ASM negolyte, we measured the polarization curves of ABRFB MEA with simultaneous recording of the electrode potential using a special-designed cell with incorporated Luggin capillary. Results of the measurement are shown on Figure 5a. Corresponding overpotentials were calculated using electrode potential subtracted from zero-current potentials, i.e., electrode potential under measured OCV conditions (see Figure 5B). It can be seen that the discharge resistance of the negative electrode (ASM side) significantly exceeds that of the positive electrode (Br side) and equal 0.80 and 0.28 Ω cm2, respectively. Using overpotential dependencies one could separate power losses of negative electrode, positive electrode and residual constituents (Figure 5), which are mainly attributed to internal resistance (see [51] for details).



Figure 5C clearly demonstrates that negative electrode losses play a key role among all power losses. Therefore, there is still some feasibility to improve power density of ABRFM by adjusting the resistance of negative electrode. In turn, it could be achieved by an enrichment of electrode surface area and increase of electrolyte conductivity. But this issue lays beyond the scope of this research. Therefore, further we will give a more detailed analysis of our ABRFB performance which uses crude products of anthraquinone sulfonation as a negolyte in comparison with the same cell design using pure 2,7-AQDS.




3.4. Comparison of ASM and 2,7-AQDS


Since a pH change leads to the Nernst shift of standard redox potential and to a change in reaction mechanism [70] we used 0.4 M solution of 2,7-AQDS in 2.2 M H2SO4 as a reference negolyte—the composition close to ASM both in total concentration of anthraquinone sulfonates and sulfuric acid. Figure 5A shows the polarization curves and power characteristics of ABRFB with various negolytes at SOC 50%.



The specific discharge power of cell using 2,7-AQDS as a negolyte is higher. At SOC 50% it is 250 mW cm−2 against 194 mW cm−2 for ASM (Figure 6A). In general, dissimilar RFB performance can be explained by various reasons: differences in charge-transfer processes (the kinetics of ongoing reactions), cell voltage, mass transport properties (mainly differences in solubility and diffusion coefficients of key components of ongoing half-reactions), reactivity of various redox forms of electroactive components, contribution of side reactions (i.e., hydrogen evolution).The most obvious reason for the discrepancy is complicated kinetics of redox reactions occurring in the ASM mixture, noted before. It is confirmed by the shape of polarization curves. The discharge resistance calculated from the slope of linear part of polarization curve for cells with ASM and 2,7-AQDS is 0.50 and 0.36 Ω cm−2, respectively. A similar effect was observed using more concentrated solutions of crude anthraquinone sulfonation products as a negolyte [47].



In addition, the discrepancy in discharge power can be partially explained by differences in the cell voltage (Figure 6A). It was shown that the cell voltage of ABRFB using monosulfonic AQS as a negolyte is higher than relative 2,7-AQDS cell leading to the increased discharge power [23]. In our case, the ASM contains about 5 mole percent of AQS, which could also lead to an increase in cell voltage and discharge power, but this was not observed for SOC 50%. To analyze this effect and more comprehensively compare the capabilities of using ASM and 2,7-AQDS as a negolyte, we also measured the dependences of the OCV vs SOC (see Figure 6C).



It can be seen that, at the qualitative level the dependences for ASM and 2,7-AQDS are practically identical to each other. Within the SOC range from 15 to 85%, a linear increase in OCV is observed with a sharp increase and, conversely, fall at high and small SOCs, respectively. This corresponds to similar curves for ABRFB [15,23] and suggests that the cell voltage is determined by the Nernst potentials of half-cells and electroactive compounds (sulfonated anthraquinone derivatives) do not undergo decomposition reaction during cell operation. However, on a quantitative level, the curves differ significantly since OCV of the cell using ASM increases much faster with SOC than for the reference cell with 2,7-AQDS. At SOC 20% the potential of the cell with 2,7-AQDS was higher by 16 mV, at SOC 70% they became equal and at SOC 90% OCV of the cell with AS mixture was already by 16 mV higher than for the reference cell.



This behavior may be associated with an existence of various dimers in solutions of anthraquinone derivatives and, in particular, quinhydrone complexes formed between reduced and oxidized forms of the molecule due to hydrogen bonding, as well as charge transfer and dispersion interactions [57,60]. It is shown that such complexation affects a half-cell potential and cell voltage of ABRFB [60]. On the other hand, it is known that the nature of complexation can vary greatly depending on the exact composition of medium. For example, formation of quinhydrone complexes is suppressed due to steric restrictions in the structure of anthraquinone derivative with a bulky side substituent [27], and even for the simplest 1,4-benzoquinone structure of the quinhydrone complex strongly depends on a concentration of hydroquinone, as well as size and concentration of cation [71]. Therefore, changing single 2,7-AQDS to ASM, consisting of 2,6- and 2,7-AQDS and AQS, the thermodynamic constant of the quinhydrone complex formation (or other dimers and aggregates) can change significantly, which should eventually affect the OCV(SOC) dependence.



Based on a performance comparison of ABRFB cells using 2,7-AQDS and ASM as a negolyte, we can summarize that with an increase in SOC the difference in specific power of cells will gradually disappear. Accordingly, at SOC 90% the discharge power of ABRFB cell using AS negolyte becomes even higher than that for pure 2,7-AQDS: 335 vs 320 mW cm−2 (see Figure 6A).



As a next step of evaluating possibilities of using ASM as an ABRFB negolyte, we carried out cyclic charge–discharge tests. Figure 7A shows the charge-discharge curves for 10 cycles (@ 100 mA cm−2) and corresponding capacity utilization and efficiencies. ABRFB with ASM negolyte demonstrates capacity utilization around 85%, which slightly decreases during the charge-discharge experiment. Regardless, at the end of the tenth cycle, the discharge capacity was 0.47 Ah, which, in terms of specific capacity, results in 6.3 Ah L−1.



Figure 7B and Table 2 show the corresponding efficiency values, as well as capacity utilization and capacity retention in comparison with ABRFB using 2,7-AQDS as a negolyte. Coulombic efficiency of the tested cells is relatively low (94–95%), compared with 98% for single 2,7-AQDS cell [17,72]. The difference can be explained by several reasons. First of all, small thickness of the Nafion 211 membrane attributes to more intense crossover of bromine-containing molecules from posolyte to negolyte [73], which, in fact, do not react with AQDS [15] but undergo reduction on the electrode surface leading to inevitable decrease of coulombic efficiency. Also, this effect is further enhanced by ionic imbalance between electrolytes due to longer duration of each cycle at lower current density.



Switching from 2,7-AQDS to ASM, the coulombic efficiency of ABRFB decreases to 84.4% on the tenth cycle. Mazur et al. analyzed the chemical stability of a similar mixture of anthraquinone sulfonated derivatives during cycling tests in a symmetric cell where the influence of bromine is excluded [48] and showed that 2,6- and 2,7-AQDS remain stable during redox reactions while AQS is gradually decomposed. This may partially explain the decrease in CE. However, due to the quite low molar content of AQS in the initial ASM, this effect will not be so noticeable. The decrease in CE is likely to be explained by complicated kinetics of redox reactions occurring in the ASM mixture which can lead to an increased role of competitive hydrogen evolution reaction. In addition, the change in CE can also be associated with characteristic differences in the OCV(SOC) dependence for 2,7-AQDS and ASM since one of the driving forces of the crossover is the difference between the nonequilibrium cell potential and OCV [17].



Nevertheless, the key numerical characteristics of cycling tests of ABRFB with ASM negolyte were comparable with results for 2,7-AQDS. After 10 charge-discharge cycles at 100 mA cm−2, the cell demonstrated capacity retention, capacity utilization and energy efficiency values of 99.8, 90.7 and 65.7%, respectively.



At the same time, these values can be improved by optimizing cycling conditions (current density, voltage limits), composition of the posolyte (decreasing osmotic imbalance) and using a thicker membrane. For example, changing the membrane to Nafion 117 (thickness 183 µm) and current density to 200 mA cm−2, the CE of cell with ASM reaches 98–99% (see Figure 7B–D and Table 2). At the same time, values of capacity utilization and capacity retention remained at the same level as for the cell with a thin membrane Nafion 211—after 20 cycles, they were 92.7 and 99.9%, respectively. However, it is obvious that transition to the thicker Nafion 117 membrane will lead to an increase in overall cell resistance and, as a consequence, to a decrease in discharge power of the cell. Therefore, a more accurate membrane choice will contribute to reaching the balance between various characteristics of the ABRFB.



In order to evaluate the redox stability of ASM an additional symmetrical cycling test was performed. Generally, during this test the same electrolyte at SOC 50 was used both as a negolyte and posolyte, which allows us to evaluate redox stability of some compound in the absence of a crossover [54]. ASM cycled for 45 cycles showed capacity fade rate of 0.015%/cycle (see Figure S1). Assuming this value to be constant, after 1000 cycles this will give a decreased total capacity of 14%.



Thus, we have shown that the crude ASM obtained as a result of a simple one-step synthesis from cheap and commodity chemicals can be used as a negolyte in ABRFB, and the main characteristics of such cells are comparable to cells using pure 2,7-AQDS. In addition, the ASM composition can be further optimized by changing the synthesis conditions (temperature, duration, concentration of the starting reagents). However, this issue requires additional systematic study considering the above-mentioned differences in solubility, standard redox potential, kinetics of ongoing reactions and redox stability of various anthraquinone sulfonated derivatives in the ASM, as well as their tendency to form complexes. In addition, the overall concentration of anthraquinone sulfonated derivatives and background acid can be changed. Together with the data presented above, it can be concluded that the use of ASM as a cheap organic electrolyte has great potential in the development of redox flow battery technology.





4. Conclusions


To conclude, it was shown that the treatment of anthraquinone with oleum allows us to obtain the mixture of sulfonated anthraquinone derivatives with the total concentration 0.37 M, which consists of 0.19 M 2,7-AQDS, 0.16 M 2,6-AQDS and 0.02 AQS in 2.2 M background sulfuric acid. The redox behavior of this mixture is practically identical to pure 2,7-AQDS: pair of symmetric and reversible redox peaks with E0 = 0.217 vs SHE is observed on the CV at 50 mV s−1. With the increase of scan rate reduction, peak broadens and oxidation peak is also divided into two peaks indicating kinetic limitations.



The resulting crude mixture was studied as a negolyte of ABRFB with 0.5 M Br2/3.5 M HBr acting as the posolyte. The design of the discharge cell (membrane, type of flow field) and flow rates were optimized to achieve the maximum specific power 398 mW cm−2 at SOC 100%.



The key characteristics of ABRFB utilizing crude ASM and pure 2,7-AQDS of the same concentrations were compared. Power density of the cells was comparable with even higher values for the ASM at high SOC. For instance, it was 335 vs 320 mW cm−2 at SOC 90% for the ASM and 2,7-AQDS, respectively. It is associated with the relatively high increment of OCV(SOC) dependence for ASM, which is presumably explained by the peculiarities of complexation in this medium. Finally, the ASM demonstrated stable operation during cycling charge–discharge tests at 100 mA cm−2. After 10 cycles of energy efficiency, capacity utilization and capacity retention were 65.7, 87.9 and 99.6%, respectively, which is on the same level as a cell with pure 2,7-AQDS: 67.2, 90.1 and 99.7%.



Thus, it was shown that the crude ASM could be used as the negolyte of ABRFB without the significant loss in key characteristics compared to the much more expensive pure 2,7-AQDS solution. The composition of ASM mixture can be further optimized by changing the synthesis conditions, which opens great opportunities for using these mixtures as organic electrolytes in redox flow batteries, as well as in other applications.
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Abbreviations




	RFB
	redox flow battery



	VRFB
	vanadium redox flow battery



	2,7-AQDS
	9,10-anthraquinone-2,7-disulfonic acid



	ABRFB
	Anthraquinone-bromine



	EE
	energy efficiency



	AQS
	anthraquinone-2-sulfonic acid AQS



	2,6-AQDS
	9,10-anthraquinone-2,6-disulfonic acid



	AS mixture
	anthraquinone sulfonation mixture



	CV
	cycling voltammetry



	SWV
	square wave voltammetry



	SHE
	standard hydrogen electrode



	SOC
	state of charge



	CE
	coulombic (faradaic) efficiency



	VE
	voltaic efficiency



	OCV
	open circuit potential
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Scheme 1. The chemical structure of 2,7-AQDS, 2,6-AQDS and AQS. 
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Figure 1. NMR (500 MHz, D2O) spectra of AS mixture. (А) 1Н NMR (B) 13C NMR. 
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Figure 2. (A) Molar extinction coefficients of 2,7-AQDS and ASM (B) Optical and near-UV absorption spectra of 2,7-AQDS diluted by deionized water, optical path length—1 cm. 
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Figure 3. Cyclic voltammograms for 2,7-AQDS, 2,6-AQDS, 2-AQS and ASM. Total concentration of sulfonated derivatives—1 mM, supporting electrolyte—1 M H2SO4. Scan rate: (А) 50 mVs−1 (B) 250 mVs−1 (C) 1000 mVs−1. (D) represents CV of ASM for scan rate from 50 mVs−1 to 1000 mVs−1. 






Figure 3. Cyclic voltammograms for 2,7-AQDS, 2,6-AQDS, 2-AQS and ASM. Total concentration of sulfonated derivatives—1 mM, supporting electrolyte—1 M H2SO4. Scan rate: (А) 50 mVs−1 (B) 250 mVs−1 (C) 1000 mVs−1. (D) represents CV of ASM for scan rate from 50 mVs−1 to 1000 mVs−1.



[image: Membranes 12 00912 g003]







[image: Membranes 12 00912 g004 550] 





Figure 4. (A) Polarization curves (dots) and corresponding power densities (dash) of ABRFB with GP-IEM-103 and Nafion 211 membrane at SOC 50%, Flow field—serpentine, flow rate—50 mL min−1 (B,C) Polarization curves of ABRFB with Nafion 211 membrane, flow field—serpentine (B), flow-through (C) polarization curves at SOC 50% at different flow rates (D) Polarization curves of ABRFB with Nafion 211 membrane, flow field—flow through, flow rate 100 mL min−1, SOC changes from 50% to 100% (E) Corresponding power densities. ASM as a negolyte in all cases. 
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Figure 5. (A) Cell voltage, positive and negative electrode potentials (B) Electrode overpotentials (C) Polarization curves with separated losses. ABRFB using ASM as negolyte, flow field—flow through, flow rate—100 mL min−1, SOC 100%. Electrode—carbon felt Sigracell GFD 4.6. 
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Figure 6. Polarization curves (dots) and corresponding power densities (dash) for ABRFB using as a negolyte ASM or 2,7-AQDS (0.4 M in 2.2 M H2SO4). Membrane—Nafion 211, Flow field—flow through, SOC—50% (A) and 90% (B) Flow rate—100 mL min−1 (C) Corresponding dependence of OCV vs. SOC. 
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Figure 7. (A,C) Charge–discharge curves for constant current cycling of ABRFB at 0.1 А cm−2 using ASM as a negolyte; capacity utilization is indicated for each complete cycle. Flow field—flow through, Membrane—Nafion 211 (A) or Nafion 117 (C), flow rate—100 mL min−1, (B,D) Corresponding efficiencies for ABRFB using Nafion 211 (B) and Nafion 117 (D) membrane. 
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Table 1. Peak power density of ABRFB at SOC 50% for different flow fields and flow rate. Negolyte—ASM, Membrane—Nafion 211.
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Flow Rate [mL min−1]

	
Peak Power Density [mW cm−2]




	
Serpentine

	
Flow-Through






	
50

	
185

	
194




	
75

	
190

	
201




	
90

	
182

	
202




	
100

	
200

	
214
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Table 2. Key characteristics of constant-current cycling at 0.1/0.2 А cm−2 using ASM/ 2,7-AQDS as a negolyte. Membrane Nafion 211/Nafion 117. All values are given for 10th cycle.
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ASM

	
2,7 AQDS




	
Nafion 211

(@ 0.1 A cm−2)

	
Nafion 117

(@ 0.2 A cm−2)

	
Nafion 211

(@ 0.1 A cm−2)






	
Capacity Utilization, %

	
90.7

	
93.5

	
91.2




	
Capacity retention, %

	
99.8

	
99.8

	
99.9




	
Coulombic Efficiency, %

	
85.9

	
98.5

	
94.2




	
Voltaic Efficiency, %

	
76.4

	
60.9

	
75.8




	
Energy Efficiency, %

	
65.7

	
60.0

	
71.4
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